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The influence of molecular hydrogen (H2) on the structural and optical properties of self-assembled
Ge dots grown on Si~001! has been studied using atomic force microscopy and photoluminescence
spectroscopy ~PL!. Without hydrogen, a well known bimodal island size distribution occurs with
small $105% faceted pyramids, and larger multifaceted domes. In the presence of an additional H2
flow, we observe that a higher density of smaller pyramids and a lower density of domes occurs.
Moreover, in the presence of hydrogen, PL investigations have revealed a thicker wetting layer
thickness, probably due to a reduction of the surface diffusion length. © 2000 American Institute
of Physics. @S0021-8979~00!07822-1#I. INTRODUCTION
The strain-driven self-assembled formation of nanostruc-
tures has attracted a lot of interest in recent years because
these new structures are expected to have better optical and
electrical properties than those of conventional two-
dimensional ~2D! structures.1 In order to obtain an improve-
ment of these properties, it is necessary to fabricate these
quasizero-dimensional structures in situ without the need for
a sophisticated structuring technology. One of the most
prominent mechanisms is the Stranski–Krastanov growth
mode in a lattice-mismatched heteroepitaxy, which leads to
the formation of coherent three-dimensional ~3D! islands af-
ter the growth of a 2D wetting layer. With a lattice mismatch
of 4.2% between Si and Ge, it is the case for the growth of
Ge on Si~001!.2–4
However, the islands can be used more effectively if
they are uniformly sized. Of course, the kinetic growth con-
ditions are critical. That is why a perfect knowledge of each
growing parameter and its influence on energetic and ther-
modynamic surface properties, surface morphology, and is-
land nucleation is an indispensable prerequisite. One of these
parameters is the supply of an additional hydrogen flow.
Several studies have investigated the influence of atomic hy-
drogen ~H! on the heteroepitaxial growth of Ge/Si~001! and
have demonstrated that the adsorbed H acts as a surfactant by
increasing the thickness of the wetting layer5–8 ~the growth
mode transition from a 2D layer by layer to a 3D is delayed!
and by reducing Ge surface segregation8–10 during the de-
posit of a Si cap layer. Only few studies were devoted to
investigating the influence of molecular hydrogen (H2), par-
ticularly the effect on Ge surface segregation.11–13
As molecular hydrogen is very often used as carrier gas,
particularly in various chemical vapor deposition ~CVD!
methods, it seems to be indispensable to take into account
this parameter. In this article we want to show the influence
of molecular hydrogen on the island nucleation and their size
distribution. We have performed several experiments with
and without an additional molecular hydrogen flow. Experi-
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microscopy ~AFM! and photoluminescence spectroscopy
~PL! results are presented and discussed in Sec. III and IV,
respectively.
II. EXPERIMENT
The growth was carried out in a low pressure chemical
vapor deposition ~LPCVD! system, described elsewhere with
more details,14 using dichlorosilane (SiCl2H2) as the Si
source and He-diluted germane (GeH4) as the Ge source
~90% diluted!. The total pressure in the reactor was varied in
the range of 0.02–1 Torr as a function of the H2 flow, used
here as carrier gas. The GeH4 flow, 1 sccm, was keep con-
stant in all experiments corresponding to a growth rate of
about 3.260.3 nm min21.
After the deposition of a 200 nm Si buffer layer at
800 °C, a Ge film of 6–8 equivalent ML ~1 ML51.415 Å!
was grown at 700 °C without H2 and with an additional H2
flow of 200 and 1000 sccm, respectively. At the end of the
growth, the samples are immediately cooled with a cooling
rate of 1° s21 allowing a sufficient temperature quenching.
This average thickness was chosen because it lies above the
Stranski–Krastanov critical thickness ~3–4 equivalent ML!
and below the appearance of dislocations, the beginning of
plastic relaxation. For PL experiments, the Ge deposited
films were capped with a Si layer aimed to suppress nonra-
diative recombination at the Ge islanded surface. In order to
preserve the buried islands, the Si cap layer was immediately
deposited after the Ge layer ~without a vent step of 1 min
usually carried out in CVD! using the same growing condi-
tions: temperature ~700 °C! and H2 flow ~0, 200, and 1000
sccm, respectively!. The islanded surface morphology was
investigated with an AFM setup ~Digital Instruments Nano-
scope IIIa! operating in tapping mode. PL measurements
were performed at low temperatures using a Fourier trans-
form spectrometer ~BIO-RAD FTS 40! equipped with an
Ar1 laser ~power density of 5 W cm22!. The average Ge
layer thicknesses were determined by Rutherford back-
scattering spectroscopy ~RBS!.3 © 2000 American Institute of Physics
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Figures 1~a! and 1~b! display AFM pictures of the is-
landed surface morphology obtained with and without a
1000 sccm H2 flow, respectively. With 6.6–6.8 equivalent
ML of Ge, as already pointed out by several authors,4,15–17 a
bimodal size and shape distribution of Ge islands is obtained.
Small square based islands, so-called pyramids, having $105%
facets coexist with larger rounded multifaceted domes. At
first sight, there is no great difference between the two final
FIG. 1. 1 mm31 mm atomic-force micrographs of ~a! a 6.6 eq ML Ge film
grown at 700 °C with an additionnal H2 flow of 1000 sccm ~sample No.
1615!, and ~b! a 6.8 eq-ML Ge film grown at 700 °C without H2 ~sample
No. 1620!.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject tomorphologies. The density of pyramids (rpyramids) and that of
domes (rdomes) are approximately unchanged with an addi-
tional molecular hydrogen flow ~Table I!.
The main difference lies in the dimension of the island.
The corresponding island height and diameter are shown in
Fig. 2. The bimodality is also clearly evidenced. For a better
representation of the growing condition influence on the
mean height and the mean base dimensions of pyramids and
domes, we have fitted the obtained histograms with two
gaussian curves, corresponding to each kind of island. In the
presence of H2 , the pyramid dimensions are reduced. With
H2 , the mean height of the pyramids, is about 4.0 nm60.7
nm @Fig. 2~a!# while the one without H2 , is higher: 5.860.7
nm @Fig. 2~c!#. This is also true for the pyramid base dimen-
sions ~with H2 , bav56364 nm and without H2 , bav572
64 nm @Figs. 2~b! and 2~d!#. The estimated error is due to
the spatial resolution of the AFM software. This detailed
statistical analysis, performed on large surface areas ~20
mm2!, is summarized in Table I. These AFM measurements
show that the dome nucleation process seems to be less in-
fluenced than that of the pyramid with an additional H2 flow.
But we can still observe a reduction of the island dimensions
~Fig. 2 and Table I!.
With our high-vacuum LPCVD system, different species
are present in the reactor: germane (GeH4) used as Ge
source, helium ~He! in which GeH4 is diluted ~90% He and
10% GeH4! and H2 used as carrier gas. Before discussing the
effect of molecular hydrogen, we have to reply to the follow-
ing question: why can the reduction of the island dimensions
not be due to atomic hydrogen? We present three reasons on
that query.
~1! Atomic hydrogen only comes from the dissociation
of germane on the surface. As molecular hydrogen is sup-
posed to be very stable, its dissociation can only be obtained
at very high temperature ~above 1500 °C!.
~2! If atomic hydrogen should explain our observations,
its influence ~reduction of surface diffusion and surface seg-
regation! would be obviously increased, and a more planar
growth would be promoted, with a higher partial pressure of
atomic hydrogen (PH). With our growing conditions, this is
not the case, but the opposite is valid because PH is higher
without H2 than with H2 . In fact, as a complete dissociation
of germane occurs, without the formation of germane-related
radicals,18 PH is given by
PH54~PGeH4!54~P tot!
fGeH4
fGeH41fH21fHe
, ~1!
where P tot is the total pressure and fX the flow of each gas
present in the reactor ~the values of all these parameters areTABLE I. Summary of RBS and AFM analysis on the uncapped samples.
Sample
No.
H2 flux
~sccm!
RBS thickness
~equivalent ML!
rpyramids
(108 cm22)
rdomes
(108 cm22)
hpyramidsav
~nm!
hdomesav
~nm!
bpyramidsav
~nm!
bdomesav
~nm!
1615 1000 6.660.5 20 16 4.0 16.2 63 101
1620 0 6.860.5 17 19 5.8 17.1 72 104 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
5115J. Appl. Phys., Vol. 88, No. 9, 1 November 2000 Dentel et al.FIG. 2. Distribution of island heights ~a! @~c!# and base dimensions ~b! @~d!# of the sample No. 1615 grown with H2 @sample No. 1620 grown without H2#.
Statistical analysis was performed on a large surface area ~20 mm2!.given in the previous section!. Without H2 , PH is about 8
31023 Torr, when with H2 , PH is about 431023 Torr.
~3! The deposition temperature ~700 °C! is much higher
than the desorption temperature of hydrogen from a Ge sur-
face ~’300 °C! or a Si one ~’500 °C!.19 The residence time
of atomic hydrogen on the growing surface is accordingly
probably too low and cannot explain these differences.
We are forced to conclude that molecular hydrogen has
an effect on island nucleation and consequently on surface
diffusion. In previous works, Eaglesham et al.9 and Copel
and Tromp10 have demonstrated that molecular hydrogen
acts in reducing Ge surface segregation. It was described in a
two-state exchange model20 by an increasing of the segrega-
tion energetic barrier. Additionally, we demonstrate here that
molecular hydrogen, as well as atomic H, has a kinetic effect
in the dynamical process of island nucleation: the reduction
of the surface diffusion length. However, in order to explain
the influence of H2 on pyramid nucleation and the weaker
influence on dome nucleation, we have to consider that the
equilibrium shape of pyramids and domes are differently in-
fluenced by kinetics. Goryll et al.17 have also pointed out the
strong dependence of pyramid density and the weaker depen-Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject todence of the domes density on the deposition rate, another
important kinetic growth parameter.
Moreover, equilibrium calculations about the interaction
between molecular hydrogen and a silicon surface predict a
strong increase of the fraction of surfaces sites occupied by
hydrogen by increasing the total pressure.21 For instance, at
700 °C, the hydrogen coverage should be about 20% for 1
31023 Torr and about 96% for 10 Torr. With these predic-
tions, in our range of pressures ~0.02–1 Torr!, the hydrogen
coverage should vary between 50% and 93%. In spite of the
relatively high deposition temperature, we have to take into
account the assumption of a surface reaction between mo-
lecular hydrogen and the silicon surface @H2~g!1Si-~empty
site!,2HSi~ads!# to try to explain the observed lack of ada-
toms diffusivity on the growing surface.
IV. PHOTOLUMINESCENCE SPECTROSCOPY
In order to study the influence of hydrogen on the optical
properties, we have performed PL investigations on the cor-
responding Si-capped samples. Figure 3 displays the 5 K PL
spectra of three Ge layers grown, respectively, with an addi- AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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peaks are clearly visible, each consisting of a nonphonon
~NP! transition and a transverse optical phonon ~TO! replica.
The pair at the lower energy side of the spectra stems from
the self-assembled islands, and on the high energy side, the
peaks are attributed to the 2D wetting layer.22,23
Table II summarize the RBS and PL analysis of the three
investigated samples. As the Ge layer grown with 200 sccm
H2 is thinner in comparison with the other ones, the PL spec-
tra labeled ‘‘with 200 sccm H2’’ in Fig. 3 will not be taken
into account for the discussion about the influence of H2 on
the PL signature. We will consider this sample only in the
last part of our discussion about the temperature dependence
of the PL intensity.
For samples 1616 ~with 1000 sccm H2! and 1621 ~with-
out H2!, a different behavior of each pair of peaks can be
noticed. A blue shift ~red shift! occurs in the presence of
molecular hydrogen for the PL signal who stems from the
self-assembled islands ~the wetting layer!. The NP energy
FIG. 3. 5 K photoluminescence spectra of a buried Ge film grown, respec-
tively, with 200 sccm, 1000 sccm H2 , and without H2 . Wetting layer and
island-related peaks corresponding to the NP and TO transition energies are
identified on each spectrum.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject totransition related to the wetting layer shifts from 1011 meV
~with H2! until 1025 meV ~without H2!, when at the same
time the one related to islands decreases from 850 meV ~with
H2! until 836 meV ~without H2!. The blue shift, concerning
the 2D layer-related signal, can be explained by different
wetting layer thicknesses. Indeed, for a single quantum well
~SQW!, the NP peak position is defined as ~Fig. 4!:
ENP5EG
Si2Eex2DEV1E1 , ~2!
where EG
Si is the silicon gap ~51170 meV!; Eex is the exciton
binding energy in Si ~514 meV!; DEV is the valence band
offset for strained Si12xGex Si layers ~5840x, x is the Ge
concentration!24 and E1 is the hole confinement energy. As
E1 strongly depends on the SQW thickness we are able to
estimate the 2D wetting layer thickness by evaluating this
confinement energy. The following assumptions were made:
FIG. 4. Schematic representation of radiative recombination process in thick
~a! and thinner ~b! Ge SQW. These two situations exhibit the supposed
mechanisms occuring in the 2D wetting layer of samples No. 1616 ~with H2!
and No. 1621 ~without H2!.TABLE II. Summary of RBS and PL analysis on the 80 nm Si-capped samples.
Sample
No.
H2 flux
~sccm!
RBS thickness
~equivalent ML!
ENP
2D
~meV!
ETO
2D
~meV!
ENP
3D
~meV!
ETO
3D
~meV!
Estimated wetting
layer thickness ~ML!
1616 1000 8.060.5 1011 956 850 802 4.260.1
1617 200 5.760.5 1027 970 855 809 3.760.1
1621 0 7.960.5 1025 968 836 789 3.860.1 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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for strained Si12xGex , along the @001# direction, was calcu-
lated with the formula25
mhh50.290720.09021.x10.00552.x2. ~3!
By assuming a low intermixing ~approximately 30% as con-
sidered elsewhere!26 we have estimated the wetting layer
thickness at 4.15 and 3.80 eq ML ~1 ML51.398 Å! with and
without H2 respectively ~Table II!. These values are not ab-
solute values. Nevertheless, the growing film seems to have a
thicker wetting layer in the presence of molecular hydrogen.
This is a direct consequence, and then also a confirmation, of
the assumption made in the previous section about the reduc-
tion of the surface diffusion in presence of a dynamic H2
flow. If we consider the signal related to the self-assembled
islands, the observed shift to lower energies without H2 can
be attributed to the nucleation of bigger coherent islands,
elastically more relaxed, and probably due to a higher sur-
face diffusion and an earlier growth mode transition.
Moreover, with an increased molecular hydrogen flow,
the dots PL intensity is lower. Under such growth conditions,
with a lack of diffusivity for adatoms, more defects ~stacking
faults, vacancies, etc.! are probably present at the growing
surface and into the islands.
Figure 5 displays the temperature dependence, in a range
between 5 and 200 K, of the islands related PL intensity for
the three investigated Si-capped samples. Two observations
can be made here. At first, as already pointed out in Fig. 3,
the islands PL intensity dependence on an additional H2 flow
is confirmed here for each temperature. Moreover, by com-
paring the results obtained with and without H2 , a differen-
tiated behavior of the PL intensity as a function of the tem-
perature is clearly evidenced. Without H2 , the intensity
drops rapidly above 100 K, when with a H2 flow ~200 and
1000 sccm!, it decreases slowly beyond 20 K.
We have tried to estimate the activation energy of the
nonradiative recombination process with a simplified phe-
FIG. 5. Temperature dependance of the integrated PL intensity related to the
islands for the three investigated samples: No. 1616 ~with 1000 sccm H2!,
No. 1617 ~with 200 sccm H2!, and No. 1621 ~without H2!.Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject tonomenological model of Sturm et al.27 In this model, the
integrated PL intensity is given by
IGe}
1
11g .e2Ea /kT , ~4!
where
g5
tGeWSi
tSiWGe . ~5!
tGe (tSi) is the nonradiative lifetime in Ge ~in Si!. WGe is the
width of the Ge layer ~1.1 nm! and WSi is the effective width
of the Si in which the photogenerated carriers reside ~by
taking into account our excitation power, WSi’3–5 mm!.
We can observe a strong decrease of the activation en-
ergy with the supply of a molecular hydrogen flow. In order
to explain such a difference between island nucleation with
and without H2 , we have to give some additional explana-
tions. In the used model, the varying parameters ~fitting pa-
rameters! are Ea and the ratio tGe /tSi . Without H2 , the value
of 140 meV for the activation energy was obtained by con-
sidering tGe /tSi’1. On the other hand, with H2 , a good fit of
the experimental data was only possible with tGe /tSi’1024
~it means tGe!tSi!. For silicon and germanium the carrier
nonradiative lifetimes are given by
t}
1
Ns , ~6!
where N is the concentration of the nonradiative recombina-
tion center ~impurities or defects! and s is the electron or
hole capture cross section in Si or Ge. As the capture cross
section values of impurities and defects in Si and Ge are
quite similar,28 the difference of 4 order of magnitude for the
ratio tGe /tSi with and without H2 can probably be explained
by assuming a higher concentration of defects in the Ge layer
who was grown with the supply of a H2 flow.
Then, as previously mentioned and confirmed here, by
increasing the H2 flow, the reduction of surface diffusion
prevails the occurrence of a high concentration of defects
~stacking faults, vacancies, etc.! which act as carrier traps
and nonradiative recombination centers.
V. CONCLUSION
This article summarizes our investigations about the in-
fluence of an additional molecular hydrogen flow on mor-
phologies and optical properties of strained Ge layers. Our
AFM investigations have revealed that with H2 , the bimo-
dality is preserved and nucleation of smaller islands occur.
Similar to atomic hydrogen, H2 acts in reducing the surface
diffusion length. The PL analysis seems to confirm this
point. Indeed, the observed red shift of wetting layer-related
pair of peaks ~blue shift of islands-related pair of peaks! can
be attributed to a thicker 2D layer ~nucleation of smaller
islands!. An additional consequence of the reduced surface
diffusion in the presence of molecular hydrogen, clearly
pointed out by the temperature dependence of the PL inten-
sity, is the occurrence of more nonradiative recombination AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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mids is probably more influenced by kinetic growing param-
eters than the one of domes.
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